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摘  要 
九龙江是闽南和闽西地区重要的饮用水源和工农业用水水源，但近年来九龙
江污染日趋严重，河流生态系统承受着巨大的压力，其中持久性有机污染物(POPs)
因其难降解性、生物富集性和高致毒性备受人们关注。全氟化合物(PFCs)是一类
碳链上氢原子全部被氟原子取代的有机化合物，由于其良好的疏水、疏油特性，
已被广泛应用于多种工业和民用产品中，与人类生产生活密切相关。由于 PFCs
稳定性极强，目前已在包括水、土壤、大气等环境介质及生物体中大量检出。毒
理学研究表明，部分 PFCs 具有致癌性、肝毒性、神经毒性、生殖毒性、免疫毒
性等，因此，近年来 PFCs 引起了世界各国的广泛关注。目前国内有关 PFCs 的
研究主要集中于水、土壤、沉积物等环境介质的污染现状调查，而有关典型流域
多介质中 PFCs 的污染现状和污染特征及风险评估仍然缺乏。 
本研究以九龙江流域-河口系统为研究对象，采集了枯水期(2014 年 12 月)、
平水期(2015 年 4 月)和丰水期(2015 年 8 月)的水体样品，并采集了部分沉积物和
生物样品。对样品中 17 种 PFCs(包括 13 种全氟羧酸类化合物和 4 种全氟磺酸类
化合物)进行分析，探讨这些污染物在水环境中的时空分布、组成特征和潜在来
源，了解 PFCs 在不同环境介质中的污染状况和分配行为，初步评估其生态与人
体健康风险，主要得到如下结果： 
(1) 九龙江流域-河口水体中 17 种 PFCs 的含量范围分别是：枯水期 5.31–
463.16 ng/L，平水期 3.14–155.16 ng/L，丰水期 3.57–42.96 ng/L，PFHxA、PFPeA、
PFOS、PFOA 是主要化合物。西溪水体中 PFCs 含量无明显的季节变化，北溪则
存在较大的季节差异，河口上游水体中 PFCs 呈平水期>枯水期>丰水期的分布规
律。从空间分布来看，北溪下游和河口上游水体中 PFCs 的污染程度最高，西溪
水体中 PFCs 沿河流走势有上升趋势，这可能与两条支流 PFCs 的污染来源不同
有关，西溪主要受面源污染控制，而北溪还受点源污染影响。 
(2) 九龙江流域-河口沉积物中∑PFCs 含量范围是 0.26–3.25 ng/g dw，PFOA
和 PFOS 是主要化合物，对∑PFCs 的贡献率分别为 40.4%和 17.1%，对河口区域
不同 PFCs 沉积物/水分配系数(Kd)的计算发现，C6–C12 全氟羧酸类化合物 Kd 值
随碳链长度的增加有上升趋势。 
(3) 九龙江流域-河口鱼体肌肉、肝脏、卵中∑PFCs 的含量分别为：6.95–20.23 
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ng/g dw、18.08–285.53 ng/g dw、28.29–62.59 ng/g dw。PFOA 和 PFOS 是肌肉中
的主要化合物，分别占∑PFCs 的 35.1±13.1%和 24.9±11.6%；PFOS 则是肝脏和鱼
卵中的主要化合物，分别占 40.5±21.7%和 58.3±1.4%。淡水鱼体中的 PFCs 含量
高于海水鱼。不同鱼种对 PFCs 的富集能力存在较大差异，不同 PFCs 的生物富
集系数(BCF)也显著不同，全氟磺酸的 BCF 要高于同碳链长度的全氟羧酸，长链
PFCs 的 BCF 要高于短链 PFCs。 
(4) 不同模型或基准浓度下得出的风险表征结果均表明九龙江流域-河口水
体中 PFOA、PFOS 等对生态环境暂不构成危害；鱼肌肉中的 PFCs 对人体也不构
成健康风险。 
 
关键词：全氟化合物；九龙江；水体；鱼体；风险评估 
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Abstract 
Jiulong River is the main water source of drinking water for urban citizens and water 
use for industry and agriculture in southwestern Fujian. In recent years, the water 
pollution is serious increasingly, which has made the river ecosystem under a 
tremendous amount of stress. Among these pollutants, POPs (persistent organic 
pollutants) have attracted much attention because of their resistance to degradation, 
high bioaccumulation potential and toxicity. Perfluorinated compounds (PFCs) are a 
group fully fluorinated organic compounds. The abilities to repel both water and oil, 
together with their chemical and thermal stabilities, have made them widely used in a 
variety of industrial and commercial applications, which are closely related to human 
life. Due to their strong stability, PFCs has been detected in various environmental 
matrix, including water, soil, air and organisms. Toxicological studies have shown that 
some of the PFCs can cause carcinogenicity, liver toxicity, neurotoxicity, reproductive 
toxicity and immunotoxicity. Thus, there are increasing concerns of PFCs in recent 
years. Current domestic researches about PFCs mainly focused on the investigation of 
their pollution status in water, soil, sediment and other environmental matrix, however, 
the pollution and distribution between multi-media and the relevant risk assessment of 
PFCs in typical watershed-estuary system are still lacking. 
In the present study, water samples were collected in dry season (December 2014), 
medium season (April 2015) and wet season (August 2015) along the Jiulong River 
watershed-estuary system. Sediment and biological samples were collected along with 
the water samples in medium season. 17 PFCs, including 13 perfluorinated carboxylic 
acids (PFCAs) and 4 perfluorinated sulfonic acid (PFSAs) were analyzed to investigate 
the seasonal variations and spatial distribution of PFCs in the water body. The partition 
patterns of PFCs between water, sediment and biota, possible sources were also 
discussed to comprehend the pollution status and environmental behaviors of PFCs. A 
preliminary risk assessment for ecological and human health was made, as well. The 
primary conclusions are as follows:  
(1) Total content of 17 PFCs in the water samples from Jiulong River watershed-
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estuary were in the range of: 5.31–463.16 ng/L in dry season; 3.14–155.16 ng/L in 
medium season; 3.57–42.96 ng/L in wet season. PFHxA, PFPeA, PFOS and PFOA were 
the dominant compounds. There was no significant seasonal variation for PFCs in West 
tributary, while some seasonal changes were observed in North tributary. ∑PFCs in the 
estuary followed a pattern of mdium season>dry season>wet season. The PFCs in the 
downstream of North tributary and upstream of the estuary were the highest and the 
PFCs in West tributary increased from upper to lower. The different spatial distribution 
of PFCs in two tributaries may attributed to different PFCs sources. West tributary was 
mostly influenced by non-point sources while North tributary was affected by point 
sources and non-point sources simultaneously. 
(2) The concentration of ΣPFCs in sediments was in the range of 0.26–3.25 ng/g 
dw. PFOA and PFOS were two dominant compounds, accounting for 40.4% and 17.1% 
of the ∑PFCs, respectively. Sediment/water partition coefficient (Kd) of individual 
PFCs were calculated in different stations of the estuary and results showed that Kd 
values of C6–C10 PFCAs increased with the length of carbon chain. 
(3) The concentration of ΣPFCs in fish samples were: 6.95–20.23 ng/g dw in 
muscle, 18.08–285.53 ng/g dw in liver and 28.29–62.59 ng/g dw in eggs. 
PFOA(35.1±13.1%) and PFOS (24.9±11.6%) were the predominant compounds in 
muscle; PFOS was the biggest component in liver (40.5±21.7%) and eggs (58.3±1.4%). 
The concentration of PFCs in freshwater fish was higher than that of saltwater fish. 
Different kinds of fish differences in concentrating ability for PFCs and the 
bioconcentration factor (BCF) also changed a lot for different PFCs species. The results 
also demonstrated that the BCF values of PFSAs were higher than that of the same 
carbon chain length-PFCAs; long-chain PFCs had bigger BCFs than short-chain PFCs. 
(4) Risk assessment results obtained fom different models or ecological criteria 
showed that PFOA, PFOS in Jiulong River watershed-estuary waters would not cause 
ecological risks temporarily and health risk assessment showed that these fish species 
are safe for consumption. 
 
Keywords: Perfluorinated compounds; Jiulong River; water; fish; risk assessment 
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缩略词表 
英文缩写 英文全称 中文全称 
PFCs Perfluorinated compounds 全氟化合物 
PFCAs Perfluoroalkyl carboxylates 全氟羧酸类 
PFSAs Perfluoroalkyl sulfonates 全氟磺酸类 
PFBA Perfluoro-butanoic acid 全氟丁酸 
PFPeA Perfluoro-pentanoic acid 全氟戊酸 
PFHxA Perfluoro-hexanoic acid 全氟己酸 
PFHpA Perfluoro-heptanoic acid 全氟庚酸 
PFOA Perfluoro-octanoic acid 全氟辛酸 
PFNA Perfluoro-nonanoic acid 全氟壬酸 
PFDA Perfluoro-decanoic acid 全氟癸酸 
PFUnA Perfluoro-undecanoic acid 全氟十一酸 
PFDoA Perfluoro-dodecanoic acid 全氟十二酸 
PFTrDA Perfluoro-tridecanoic acid 全氟十三酸 
PFTeDA Perfluoro-tetradecanoic acid 全氟十四酸 
PFHxDA Perfluoro-hexadecanoic acid 全氟十六酸 
PFODA Perfluoro-octadecanoic acid 全氟十八酸 
PFBS Perfluoro-butanesulfonate 全氟丁烷磺酸 
PFHxS Perfluoro-hexanesulfonate 全氟己烷磺酸 
PFOS Perfluoro-octanesulfonate 全氟辛烷磺酸 
PFDS Perfluoro-decanesulfonate 全氟癸烷磺酸 
FTOHs Fluorotelomer alcohols 全氟调聚醇 
POSF Perfluoro octanesulfonyl fluoride 全氟辛基磺酰氟 
APFO Ammonium perfluorooctanoate 全氟辛酸铵 
FTOHs Fluorotelomer alcohols 含氟调聚醇 
FOSAs Perfluorooctane sulfonamides 全氟辛基酰胺类 
HPLC High performance liquid chromatography 高效液相色谱 
LOD Limit of detection 检测限 
LOQ Limit of quantification 定量限 
MDL Method detection limit 方法检出限 
MTBE Methyl tert-butyl ether 甲基叔丁基醚 
TBA Tetrabutylammonium hydrogensulfate 四丁基硫酸氢铵 
CMC Criteria maximum concentration 标准最大浓度 
CCC Criteria continuous concentration 标准持续浓度 
AWV Avian wildlife Value 野生动物保护值 
ADI Average daily intake 平均每日摄入量 
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第 1 章 绪论 
1.1 全氟化合物概况 
1.1.1 全氟化合物简介 
全氟化合物(Perfluorinated compounds, PFCs)是指碳氢化合物及其衍生物中
的氢原子全部被氟原子取代后形成的一类有机化合物。PFCs 主要可以分为离子
型类和非离子型类化合物两大类，根据所连接的官能团的不同，离子型 PFCs 又
可以分为全氟羧酸类化合物 (Perfluoroalkyl carboxylates, PFCAs)和全氟磺酸
(Perfluoroalkyl sulfonates, PFSAs)两类；非离子型化合物以全氟烷基酰胺类化合物
(Perfluorooctane sulfonamides, FOSAs) 及含氟调聚醇 (Fluorotelomer alcohols, 
FTOHs)两种应用最广，这四类 PFCs 的分子结构见图 1-1。其中，8 碳的全氟辛
酸(PFOA)和全氟辛烷磺酸(PFOS)是工业和生活中的应用最为广泛，环境中分布
较多的化合物，同时也是很多含氟聚合物的降解终产物，仍然是目前环境中关注
的热点。 
 
图 1-1 四类典型全氟化合物的结构式 
Fig. 1-1 The structure of four kinds of PFCs 
与二噁英和多氯联苯等有机污染物不同，由于含有水溶性官能团，PFCs 在
水中的溶解度较大，如 PFOA 和 PFOS 在水中的溶解度分别是 3.4 g/L 和 0.57 
g/L[1]，因此能在环境水体中大量长期存在。表 1-1 展示了 PFCs 的部分理化性质。
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表 1-1 全氟化合物的理化性质 
Table 1-1 Physical–chemical properties of 17 PFCs 
缩写 CAS 号 结构式 
分子量
(g/mol)a 
熔点(K)a Log PL (Pa)a LogSL(mol/L)a LogKAWb LogKOWb LogKOAb 
PFBA 375-22-4 CF3(CH2)2COOH 214.0 256 2.06 0.44 -1.77 2.51 4.17 
PFPeA 2706-90-3 CF3(CH2)3COOH 264.1 413 1.67 -0.56 -1.16 3.24 3.95 
PFHxA 307-24-4 CF3(CH2)4COOH 314.1 287 1.30 -1.62 -0.47 3.91 4.17 
PFHpA 375-85-9 CF3(CH2)5COOH 364.1 303 0.94 -2.70 0.24 4.60 4.38 
PFOA 335-67-1 CF3(CH2)6COOH 414.1 329 0.56 -3.74 0.91 5.24 4.58 
PFNA 375-95-1 CF3(CH2)7COOH 464.1 334 0.20 -4.81 1.61 5.92 4.80 
PFDA 335-76-2 CF3(CH2)8COOH 514.1 352 -0.17 -5.87 2.30 6.59 5.01 
PFUnA 2058-94-8 CF3(CH2)9COOH 564.1 372 -0.54 -6.93 3.00 7.24 5.20 
PFDoA 307-55-1 CF3(CH2)10COOH 614.1 380 -0.91 -7.99 3.68 7.92 5.42 
PFTrDA 72629-94-8 CF3(CH2)11COOH 664.1 / / / / / / 
PFTeDA 376-06-7 CF3(CH2)12COOH 714.1 406 -1.64 -10.12 5.08 9.25 5.82 
PFHxDA 67905-19-5 CF3(CH2)14COOH 814.1 / / / / / / 
PFODA 16517-11-6 CF3(CH2)16COOH 914.1 / / / / / / 
PFBS 375-73-5 CF3(CF2)3SO3- 299.1 310 1.85 -0.94 -0.60 3.78 4.12 
PFHxS 355-46-4 CF3(CF2)5SO3- 399.1 314 1.11 -3.06 0.78 5.11 4.54 
PFOS 1763-23-1 CF3(CF2)7SO3- 499.1 363 0.38 -5.19 2.18 6.46 4.97 
PFDS / CF3(CF2)9SO3- 599.1 / / / / / / 
a Experimental melting point (K) data obtained from ChemSpider (www.chemspider.com). 
b KAW: air/water partition coefficient, KOA: octanol/air partitioning coefficient, KOW: octanol/water partition coefficient (298 K and 760 mmHg), data obtained 
based on molecular descriptors[2].
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